entry and the release of transmitter is in the range of 200 ,us. This implies that a complex between synaptic vesicles and the plasma membrane must exist in the resting state because the time after Ca2+ entry is too short to allow for vesicle docking before fusion. Furthermore, the dependence of transmitter release on the intraterminal Ca2+ concentration is nonlinear and highly cooperative (1) .
The Ca2+ receptor protein for exocytosis has not been identified. However, certain predictions about its properties can be made. Because of the short latency between Ca2+ influx and exocytosis, it is likely that the Ca2+ receptor is part of the complex formed between the plasma membrane and the synaptic vesicle and is probably located on one of these membrane compartments. In addition, Ca2+ must induce a change in the properties of the receptor protein, which ultimately causes a rearrangement of SCIENCE * VOL. 256 * 15 MAY 1992phospholipid microdomains at the contact site between the two membranes, leading to membrane fusion. It is unclear how many proteins participate in this process. However, the speed of the event makes it unlikely that major protein rearrangements, such as Ca2+-induced docking of cytosolic proteins, are involved (1) .
In this report, we present evidence that the synaptic vesicle protein synaptotagmin (also referred to as p65) exhibits properties expected of the exocytotic Ca2+ receptor. Synaptotagmin is represented by a family of related integral membrane proteins with widespread distribution (2-4). It is specifically localized in the membrane of synaptic vesicles and that of secretory granules in endocrine cells (2) . Structural analysis of this protein family revealed the exis- tence of two copies of an internal repeat that are homologous to corresponding domains in protein kinase C (C2 domain) (3, 4) , in a cytosolic form of phospholipase A2, and, although with less identity, in guanosine triphosphatase-activating protein and phospholipase C (5). In protein kinase C and phospholipase A2, this domain is thought to be responsible for the Ca2+-dependent binding of these proteins to phospholipid membranes (5). This prompted us to investigate whether native synaptotagmin functions as a Ca2+ binding protein and whether Ca2+ binding by synaptotagmin involves interactions with membrane phospholipids.
To study the properties of synaptotagmin, we isolated the protein from Triton X-100 extracts of rat brain by affinity chromatography, using a newly generated monoclonal antibody (clone Cl 41.1) directed against synaptotagmin I as affinity ligand (6). Synaptotagmin I was purified in a single step, resulting in a protein of more than 90% purity.
We studied the Ca2+ binding to purified synaptotagmin by equilibrium dialysis either in the presence or in the absence of phospholipids (7). As controls, Ca2+ binding to phospholipids alone or to purified synaptophysin, an integral membrane protein of synaptic vesicles (8), was monitored under identical experimental conditions. No Ca2+ binding to synaptotagmin was observed in the absence of phospholipids (Fig. 1) . However, when liposomes containing 25% phosphatidylserine and 75% phosphatidylcholine were added, a dramatic increase in Ca2+ binding over that of the phospholipid control was observed (Fig. 1) (Fig. 1 ). In contrast, no significant Ca2+ binding was observed up to a concentration of 1o-4 M when purified synaptophysin instead of synaptotagmin was used, regardless of whether phospholipids were present (Fig. 1) . This indicates that, contrary to an earlier report (8), synaptophysin does not bind Ca . Thus, the ability to bind Ca2+ is a specific, intrinsic property of synaptotagmin. To study the interaction between synaptotagmin and phospholipids in more detail, we utilized a fluorescence resonance energy transfer assay. Dansyl-phosphatidylethanolamine was incorporated into liposomes. These liposomes were mixed with purified synaptotagmin. Fluorescence resonance energy transfer between tryptophan residues in synaptotagmin and the dansyl group in the liposomes was measured as a function of Ca2 . Energy transfer is highly dependent on the distance between the two fluorophores and is only observed on close contact of the protein and the lipid fluorescent probe. We found that Ca2+ triggered fluorescence resonance energy transfer in a dose-dependent manner ( Fig. 2A) , suggesting that Ca2+ causes a close association of synaptotagmin with the dansyl liposomes. The signals were reversed by addition of EGTA ( Fig. 2A ) and reestablished by subsequent addition of excess Ca2+ (not shown), demonstrating that the interaction is reversible. Liposomes alone showed no change in fluorescence on addition of Ca2+. Furthermore, no energy transfer was observed up to a Ca2+ concentration of 1 mM when synaptotagmin was subjected to mild proteolysis with trypsin before the experiment (Fig. 2B) or when equal amounts of purified synaptophysin or purified immunoglobulin G (IgG) were used instead of synaptotagmin (not shown). These controls demonstrate that this assay measures the specific Ca2 +-dependent interaction of synaptotagmin with liposomes.
Energy transfer between synaptotagmin and liposomes was specific for Ca2 + (Mg2 +, Ba2 +, or Sr2 + did not evoke a response at concentrations up to 1 mM; these metal ions were also unable to interfere with the Ca2+ signal). However, an increase in both the Ca2+ sensitivity and the intensity of the signal was observed when the proportion of phosphatidylserine in the acceptor liposomes was increased to 50% (Fig. 2B) . This indicates that the acidic head groups may participate directly in the formation of the synaptotagmin-Ca2+-phospholipid complex, which is in agreement with the previously determined phospholipid binding specificity of recombinant synaptotagmin (3).
For a given phospholipid composition (25% acidic phospholipids), the dependence of phospholipid binding on the Ca2+ concentration was remarkably similar to that of Ca2" binding measured by equilibrium dialysis, with a half-maximal response at lo-5 M Ca2" (compare Figs. lB and  2B) . Although the precise phospholipid composition of the presynaptic plasma membrane is not known, a proportion of 25% acidic phospholipids is probably a low estimate. Because an increase in acidic phospholipid content drastically shifts the Cal2+ sensitivity to lower concentrations, the response lies well within the Ca2 + concentration range expected upon excitation at the contact site between synaptic vesicles and the plasma membrane.
To ensure that synaptotagmin can also interact with phospholipid vesicles when the protein itself is incorporated in a phospholipid vesicle, we purified the protein from cholate extracts and reconstituted it into liposomes by a dialysis procedure. When acceptor liposomes containing dansylated head groups were added to these liposomes, Ca2l-dependent fluorescence resonance energy transfer was observed, which was similar to that observed with the purified protein alone (Fig. 2C) . As an independent confirmation for Ca2+-depen- dent interaction of synaptotagmin with phospholipid vesicles, we measured the binding of radiolabeled liposomes to immobilized synaptotagmin. Whereas in the presence of EGTA a small but significant amount of phospholipid binding was observed, Ca2" induced a four-to sixfold increase over the basal binding, which was abolished upon subsequent addition of EGTA (Fig. 3) . In synaptic vesicles, synaptotagmin is present as a homo-oligomeric complex of probably four subunits containing eight C2 domains (9). To evaluate whether Ca2+-phospholipid binding by synaptotagmin is dependent on an intact oligomeric structure, we subjected the protein to limited proteolysis. Under these conditions, cleavage occurs at a single site adjacent to the membrane spanning domain, creating a large cytoplasmic fragment that contains both C2 domains (3). This cleavage abolished the ability of synaptotagmin to bind Ca2+ or phospholipids in a Ca2+-dependent manner as measured with the assays described above (Fig. 2B) . To analyze the structure of the proteolytic fragments in more detail, we determined their size by sucrose density gradient centrifugation in CHAPS. For comparison, the migration of the fragments was monitored in SDS, which dissociates all aggregates into monomers. The NH2-terminal fragment of synaptotagmin comigrates with uncleaved synaptotagmin in a high molecular weight complex (Fig. 4) , clearly separated from the larger COOH-terminal fragment, which migrates at a monomer position. These results suggest that tetramerization of synaptotagmin, mediated by its NH2-terminal domain, is required for formation of the complex with Ca2+ and phospholipids.
Synaptotagmin is the first Ca2+-binding protein that has been identified in secretory organelles of the regulated pathway. The widespread distribution of at least one of the synaptotagmin isoforms on every synaptic vesicle and probably also every endocrine secretory granule (2-4) is in agreement with a general role as putative Ca2+ receptor for exocytosis. The precise nature of the interaction of synaptotagmin with phospholipids and Ca2+ remains to be established. Synaptotagmin, Ca2+, and membrane phospholipids probably form a ternary complex or sandwich. This interdependence is similar to that observed for protein kinase C, which binds Ca2+ only when phospholipids are present (10). In the absence of Ca2+, some phospholipid binding was observed (Fig. 3) . This is in agreement with our earlier observation that the recombinant cytoplasmic fragment of synaptotagmin is capable of Ca2+-independent phospholipid binding after being subjected to denaturing SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and immunoblotting (3).
Because Ca2+-phospholipid binding was abolished by proteolytic cleavage at a single site, the responsibility of the C2 domains could not be unambiguously established although it seems likely in analogy to protein kinase C and phospholipase A2. The observation of fluorescence resonance energy transfer between tryptophan and phospholipids strongly supports an involvement of the C2 domains because these domains contain the only tryptophan residues of the entire structure, the single exception being a tryptophan residue located in the membrane-spanning domain, which is unlikely to be included. However, the results indicate that an intact tetrameric structure of the protein is required for Ca2+ binding. This requirement and the presence of multiple Ca2+-binding sites may explain the high cooperativity observed for Ca2+ in triggering transmitter release.
How does synaptotagmin function in exocytosis? Although we have demonstrated Ca2+-dependent binding of synaptotagmin-containing membrane vesicles to acceptor liposomes, we do not believe that this property is solely responsible for vesicle docking to the presynaptic plasma membrane. Instead, we assume that in the resting nerve terminal where the Ca2+ concentration is low (1), synaptotagmin forms a complex with a specific acceptor protein in the plasma membrane. We have recently reported that synaptotagmin binds specifically to the a-latrotoxin receptor in vitro (11), suggesting that this protein serves as the vesicle docking protein in the presynaptic membrane. When such a docking complex is exposed to increased Ca2+ concentrations, it probably results in an interaction of the cytoplasmic arms of synaptotagmin with the phospholipids of the plasma membrane, causing local rearrangement of phospholipids (12). This may then trigger fusion via interaction with additional proteins that remain to be characterized. totagmin (3) used as antigen. Preparation of the affinity matrix (1-ml final volume, containing -8 mg of purified IgG) and purification of synaptotagmin (and synaptophysin) were performed essentially as described earlier for synaptophysin [F. Navone et al., J. Cell Biol. 103, 2511 (1986)], by using a Triton X-1 00 extract of rat brain membranes as starting material. Protein was eluted in 0.05% Triton X-100 and dialyzed for 2 days against six buffer changes before the experiments. Yields were between 0.2 and 0.4 mg of protein per preparation. 7. Ca2+ binding was measured with an equilibrium dialysis assay (10). Dialysis samples contained 0.2 to 0.6 mg of protein (synaptotagmin or synaptophysin) per milliliter or 1.7 mg of phospholipid vesicles (75% phosphatidylcholine, 25% phosphatidylserine) per milliliter, which were prepared as described in (13). As an internal standard to follow sample dilution during dialysis, liposomes containing 3H-labeled phosphatidylcholine (6 ,uCi/mg), which do not bind synaptotagmin or synaptophysin, were added to a final concentration of 0.33 mg/ml. Concentrations of free Ca2+ were adjusted in an EGTA-Ca2+ buffer system. We calculated the EGTA and Ca2+ concentrations needed to give the desired free Ca2+ concentrations using computer software developed by K. ..................... ........................   ........................ ........................  ........................ ........................  ....... ................  .................... 
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min at maximal power output. The opalescent emulsion was centrifuged for 20 min at 20,000g to remove aggregated material. Fluorescence resonance energy transfer assays were performed as described (10). In Fig. 2, A 
